In the mammalian testis, Leydig cells are primarily responsible for steroidogenesis. In adult stallions, the major endocrine products of Leydig cells include testosterone and estrogens. 3b-hydroxysteroid dehydrogenase/D 5 -D 4 -isomerase (3bHSD) and 17a-hydroxylase/17,20-lyase (P450c17) are two key steroidogenic enzymes that regulate testosterone synthesis. Androgens produced by P450c17 serve as substrate for estrogen synthesis. The aim of this study was to investigate localization of the steroidogenic enzymes P450c17, 3bHSD, and P450arom and to determine changes in expression during development in the prepubertal, postpubertal, and adult equine testis based upon immunohistochemistry (IHC) and real-time quantitative PCR. Based on IHC, 3bHSD immunolabeling was observed within seminiferous tubules of prepubertal testes and decreased after puberty. On the other hand, immunolabeling of 3bHSD was very weak or absent in immature Leydig cells of prepubertal testes and increased after puberty. HSD3B1 (3bHSD gene) mRNA expression was higher in adult testes compared with prepubertal (PZ0.0001) and postpubertal testes (PZ0.0041). P450c17 immunolabeling was observed in small clusters of immature Leydig cells in prepubertal testes and increased after puberty. CYP17 (P450c17 gene) mRNA expression was higher in adult testes compared with prepubertal (PZ0.030) and postpubertal testes (PZ0.0318). A weak P450arom immunolabel was observed in immature Leydig cells of prepubertal testes and increased after puberty. Similarly, CYP19 (P450arom gene) mRNA expression was higher in adult testes compared with prepubertal (PZ0.0001) and postpubertal (PZ0.0001) testes. In conclusion, Leydig cells are the primary cell type responsible for androgen and estrogen production in the equine testis.
Introduction
In the male, testosterone is required for maturation of germ cells, maturation of sperm, and thus fertility. 3b-Hydroxysteroid dehydrogenase/D 5 -D 4 -isomerase (3bHSD) and 17a-hydroxylase/17,20-lyase cytochrome P450 (P450c17) are two key steroidogenic enzymes that regulate testosterone synthesis. 3bHSD immunolabel has been observed in the smooth endoplasmic reticulum (ER) of precursor Leydig cells of postnatal rat testis (Majdic et al. 1995 , Haider & Servos 1998 and in both Leydig and Sertoli cells of cynomolgus monkey testis (Liang et al. 1998) . CYP17 expression has been reported in the Leydig cells of newborn pigs (Conley et al. 1994 (Conley et al. , 1996 and mature boars (Sasano et al. 1989) . In addition, Cyp17 (P450c17 gene) expression has also been reported in different tissues including the liver (Vianello et al. 1997 ) and the stomach (Le Goascogne et al. 1995) of the rat, and its pattern of expression appears to change with development in the mouse, in which Cyp17 is expressed in fetal adrenal gland and disappears in the mature adrenal gland (Keeney et al. 1995) . Therefore, the pattern of expression of HSD3B1 (3bHSD gene) and CYP17 vary between different species and throughout development. The study of 3bHSD and P450c17 distribution in the testis is essential for understanding of testicular dynamics of androgen production.
Androgens produced by P450c17 serve as substrates for estrogen synthesis. Estrogens have been shown to be important in regulating steroidogenesis and spermatogenesis (Abney 1999 , O'Donnell et al. 2001 . Aromatase cytochrome P450 (P450arom) is the enzyme responsible for estrogen production, and its expression has been reported in the ER. The distribution of P450arom varies within testes of different species. P450arom has been observed in Leydig cells of humans (Inkster et al. 1995) , boars (Conley et al. 1996) , rams (Bilinska et al. 1997) , and stallions (Almadhidi 1995) . In contrast, expression of P450arom in the testes of mice , brown bears (Tsubota et al. 1993) , and roosters (Kwon et al. 1995) was present not only in Leydig cells but also in spermatids inside the seminiferous tubules. In addition, P450arom was observed in the Sertoli cells of immature rat testes as well as in Leydig, Sertoli, and germ cells in adult rat testes (Papadopoulos et al. 1986 , Levallet et al. 1998 . Therefore, P450arom may be present in at least three different cells in the testis: Sertoli cells, Leydig cells, and germ cells. The study of P450arom distribution is essential for the understanding of possible sites of estrogen production in the testis.
Even though various studies report the presence of 3bHSD (Hejmej & Bilinska 2008) and P450arom (Eisenhauer et al. 1994 , Almadhidi et al. 1995 , Hess & Roser 2004 , Hejmej & Bilinska 2008 in the equine testis, there is relatively limited information concerning changes in the expression of these steroidogenic enzymes during testis development. Therefore, the characterization of steroidogenic enzyme expression in the developing equine testis is important in understanding testicular steroidogenesis and cellular differentiation.
The aim of this study was to investigate localization of the steroidogenic enzymes P450c17, 3bHSD, and P450arom and to determine changes in the expression during development in the prepubertal, postpubertal, and adult equine testis based upon immunohistochemistry (IHC) and real-time quantitative PCR (RT-qPCR).
Results

3bHSD
3bHSD immunolabeling was observed in presumptive Sertoli cells but not germ cells within seminiferous tubules of prepubertal testes; however, 3bHSD immunolabeling was not observed in Sertoli cells after puberty (Fig. 1) . Conversely, immunolabeling of 3bHSD was very weak or absent in immature Leydig cells of prepubertal testis and increased in the postpubertal and adult testis. In postpubertal testis, Leydig cells stained in tight, well-defined clusters, whereas in adult testis immuno-positive Leydig cells were scattered throughout the interstitial space. When the primary antisera were omitted, no immunolabeling was observed (Fig. 1) . Consistent with the immunohistochemical results, HSD3B1 mRNA expression was higher in adult testes compared with prepubertal and postpubertal testes (Table 1 ). In addition, HSD3B1 mRNA expression was higher in postpubertal than prepubertal testes (Table 1) . 
P450c17
P450c17 immunolabeling was observed in small clusters of immature Leydig cells in prepubertal testes, and Leydig cell labeling for P450c17 increased markedly in postpubertal and adult testes (Fig. 2) . In postpubertal testis, Leydig cells stained in tight, well-defined clusters, whereas in adult testis Leydig cells were stained scattered throughout, in a pattern similar to that seen for 3bHSD. A faint P450c17 immunolabel was also observed in the seminiferous tubule of prepubertal testes, which appeared to decrease in postpubertal and adult testes. When primary antisera were omitted, no staining was observed (Fig. 2 ). CYP17 mRNA expression was higher in adult testes compared with prepubertal and postpubertal testes (Table 1) . However, there was no significant difference between CYP17 mRNA expression in prepubertal and postpubertal testes (Table 1) .
P450arom
A weak P450arom immunolabel was observed in immature Leydig cells of the prepubertal testis, and P450arom immunolabeling increased markedly in Leydig cells of the postpubertal and adult testis (Fig. 3) .
As for 3bHSD and P450c17 immunostaining in postpubertal testis, Leydig cells stained in tight, well-defined clusters, whereas in adult testis Leydig cells were stained scattered throughout the interstitial space. When primary antisera were omitted, no staining was observed (Fig. 3) . Similarly, CYP19 (P450arom gene) mRNA expression was higher in adult testes compared with prepubertal and postpubertal testes (Table 1 ). In addition, P450arom mRNA expression was higher in postpubertal than prepubertal testes (Table 1) .
Discussion
This study examined the expression and localization of enzymes involved in sex steroid synthesis in prepubertal, postpubertal, and adult equine testes. 3bHSD is a NADH (NAD)-dependent membrane-bound enzyme that is located in the ER and mitochondria of cells (Wattenberg 1958) . It catalyzes the sequential 3bHSD and
-isomerization of the D
5
-steroid precursors pregnenolone, 17-hydroxypregnenolone (17-OH-PREG), and DHEA into their respective D 4 -ketosteroids: progesterone (PROG), 17a-hydroxyprogesterone (17-OH-PROG), and androstenedione (ADION), which are the precursors for additional enzymatic steps culminating in testosterone and estrogen production. 3bHSD has been observed in the Leydig cells of rat testis (Majdic et al. 1995 , Haider & Servos 1998 and in both Leydig and Sertoli cells of monkey testis (Liang et al. 1998 ). According to Liang et al. (1999) , 3bHSD immunolabel was detected in some Leydig cells and in Sertoli cells of neonatal, late infantile, pubertal, and adult monkey testes. In contrast, only a few Leydig cells, but no Sertoli cells, expressed immunolabel in early infantile testes. In the stallion, 3bHSD has been found in Leydig cells (Hejmej & Bilinska 2008 ) of adult testis. However, the pattern of expression of 3bHSD during development is not well known in the horse. In this study, 3bHSD immunolabel was observed in small clusters of immature Leydig cells of prepubertal testis and intensity increased with age. In addition, 3bHSD immunolabel was observed in Sertoli cells within seminiferous tubules of prepubertal testes but was not detected in Sertoli cells of postpubertal and adult testes. The presence of 3bHSD in Leydig cells observed in the current study agrees with the results reported by Hejmej & Bilinska (2008) and suggests that Leydig cells are the main source of de novo steroid synthesis in the testes. However, 3bHSD was also located inside the seminiferous tubule of prepubertal testis, indicating that seminiferous tubule may also be involved in androgen biosynthesis at some lower level. In our RT-qPCR experiments, an increase by age was also observed, which suggests that expression increases at the protein and the transcriptional levels. Cycle threshold (C t ) was determined for each target gene and the reference gene (Equine b2-microglobulin) and the DC t determined for each target gene. Confidence intervals (95%) between groups were determined by preplanned comparisons using a t-test to determine the DDC t . P450c17 enzyme characteristics are well known in mammals (Miller 1988 , Conley & Bird 1997 . It is expressed at high levels in classical steroidogenic tissues such as testis, ovary, and adrenal cortex of some species as well as rodent, bovine, ovine, and porcine placenta. P450c17 catalyzes two sequential reactions: the first is the 17a-hydroxylation of PREG and PROG to 17-OH-PREG and 17-OH-PROG respectively and the second is the 17,20-lyase cleavage of 17-OH-PREG and 17-OH-PROG to DHEA and ADION respectively (Nakajin & Hall 1981 , Zuber et al. 1986 . In this study, P450c17 immunolabel was observed in small clusters of immature Leydig cells of prepubertal testis and immunolabel intensity increased with age. P450c17 immunolabel was also observed in the seminiferous tubule of prepubertal testes, which decreased in the adult testis. In addition, CYP17 mRNA increased from prepubertal to adult testis, which is consistent with our immunohistochemical observations. LH is the main regulator of testosterone biosynthesis by Leydig cells, and P450c17 activity has been detected in Leydig cells of various species such as the rat (O'Shaughnessy & Murphy 1991), mouse (Nolan & Payne 1990) , human (Hammar & Petersson 1986) , goat (Weng et al. 2005) , and boar (Raeside et al. 2006 ). In addition, CYP17 and HSD3B1 expression has been reported in Leydig cells and other testicular cells, such as Sertoli cells and spermatogenic cells in several species including the monkey (Liang et al. 1998) , American black bear (Tsubota et al. 1997) , Japanese black bear (Okano et al. 2003) , Hokkaido brown bear (Tsubota et al. 1993) , and Japanese raccoon dog (Qiang et al. 2003) . Our results suggest that androgen synthesis mainly occurs in Leydig cells of the equine testis and increases with age.
Androgens produced by Leydig cells and, possibly, Sertoli cells serve as substrates for estrogens production by P450arom. P450arom is present in the ER of numerous vertebrate tissues and has been the focus of studies in numerous species (Conley & Hinshelwood 2001) . According to Carreau et al. (1999) and Hess et al. (2001) , the primary source of estrogen is the Sertoli cell in the immature testis and Leydig and germ cells in the mature testis. In the pig (Conley et al. 1996) and the human (Inkster et al. 1995) , P450arom was reported to be present only in Leydig cells, whereas in the rodent (Carreau et al. 2007 ) its expression was observed in Sertoli cells during development and in Leydig cells in the adult testis. In addition, Nitta et al. (1993) demonstrated P450arom in germ cells of mice. Thus, several distinct sites express that P450arom and estrogen synthesis seems to evolve with age in different species. In the stallion, the gonads are the major source of estrogen. Until 2 years of age, urinary and plasma levels of estrogen are very low and start to increase during the following years. Several studies have reported the presence of P450arom in the equine testis (Eisenhauer et al. 1994 , Almadhidi et al. 1995 , Hess & Roser 2004 and suggested an age-related shift in the cellular location of P450arom from Leydig and Sertoli cells in the prepubertal testes to only Leydig cells in the postpubertal testes (Hess & Roser 2004) . In this study, we demonstrated very faint immunolabeling of P450arom in Leydig cells of prepubertal testis with a significant increase in postpubertal and adult testes. However, we did not observe P450arom immunolabel in Sertoli cells of prepubertal, postpubertal, or adult testes. In accordance to our IHC data, CYP19 mRNA expression significantly increased between prepubertal, postpubertal, and adult stages. The fact that P450arom was observed only in Leydig cells of postpubertal and adult testes agrees with previous studies in the horse (Eisenhauer et al. 1994 , Almadhidi et al. 1995 . Even though our findings are in accordance with those reported by Hess & Roser (2004) , in which postpubertal testes expressed P450arom inside Leydig cells, we were not able to observe the agedependent shift they observed. According to Hess & Roser (2004) , P450arom immunolabel shifted from Leydig and Sertoli cells in prepubertal testis to only Leydig cells in the postpubertal testis. In our experiments, the range of age considered as prepubertal was from 10 to 12 months of age, whereas that of Hess & Roser was from 3 to 7 months. However, their range for pubertal horses was from 12 to 18 months and they reported a slight degree of positive staining within the seminiferous tubules, which we did not observe. The different antisera used may explain such differences, and antisera specificity might be an issue to be considered when comparing both experiments. In this study, we detected immunolabel in Leydig cells only. Therefore, we suggest that Leydig cells are primarily responsible for estrogen production in the equine testis and its expression increases with age.
In conclusion, the data are consistent with the expression of P450c17 and 3bHSD in Leydig cells of prepubertal testes, which increased with age. CYP17 and HSD3B1 mRNA expression also increased with age, which suggests an increase at the protein and transcriptional levels. 3bHSD was also observed inside seminiferous tubules (presumptive Sertoli cells) of prepubertal testis and expression in the tubular compartment disappeared in the postpubertal testis. P450arom was absent or observed at low levels in immature Leydig cells of prepubertal testes but immunolabeling significantly increased in intensity and together with mRNA expression in the postpubertal and adult testis. We conclude from these data that Leydig cells are the main cells responsible for androgen and estrogen production in the horse testis. However, Sertoli cells may also make a minor contribution to androgen production.
Materials and Methods
During routine castrations, testes from prepubertal (10-12 months of age; nZ10), postpubertal (2 years of age; nZ5), and adult (3-9 years of age; nZ4) stallions were collected and divided in two samples. One sample was fixed in buffered neutral formalin, embedded in paraffin, and sectioned at 5 mm for IHC. The other sample was snap frozen on dry ice and stored at K80 8C for mRNA isolation. Castrations were performed in the Veterinary Medical Teaching Hospital at the University of California, Davis, between January and May of 2008, 2009, and 2010 .
Immunohistochemistry
Fixed tissues were deparaffinized through CitriSolv (Fisher Scientific, Pittsburgh, PA, USA), dehydrated through a graded alcohol series (100, 95, and 70% ethanol) , and endogenous peroxidases were quenched with 0.3% H 2 O 2 in methanol for 30 min. Slides to be probed with P450c17 and 3bHSD primary antisera were processed for antigen retrieval with antigen unmasking solution (Vectorlabs; Burlingame, CA, USA) for 5 min at 93 8C. Slides to be probed for P450arom were not subjected to antigen retrieval and were washed with PBS immediately after endogenous peroxidase quenching. After rinsing in PBS, slides were blocked with normal rabbit sera for 20 min at 20 8C. The sections were then incubated in humidified chambers overnight at 4 8C with the following primary antisera: anti-P450c17 (1:3000, rabbit polyclonal antibovine; Peterson et al. 2001) , anti-3bHSD (1:1500, polyclonal rabbit antihuman, generously provided by Dr J Ian Mason, Centre for Reproductive Biology, University of Edinburgh Medical School, Edinburgh, UK; Mapes et al. 1999) , and anti-human P450arom (1:1000, polyclonal rabbit, generously provided by Dr Nobuhiro Harada, Fujita Health University School of Medicine, Aichi, Japan; Conley et al. 1996 , Walters et al. 2000 . Antisera were diluted in PBS prior to immunolabeling. After incubation with the primary antisera, slides were rinsed for 5 min in PBS and incubated with a biotinylated second antisera (1:2000; goat anti-rabbit IgG) for 30 min prior to detection using the Vectastain ABC detection kit (Vectorlabs). Slides were then counterstained with hematoxylin and mounted in aqueous mounting media (DakoCytomation, Carpinteria, CA, USA).
To determine the specificity of primary antisera labeling, slides were incubated with normal rabbit sera instead of the primary.
Quantitative real time PCR
RNA was extracted from a small amount of tissue (!30 mg) using Qiagen's RNeasy Mini Kit. cDNA was generated using Qiagen's QuantiTect RT Kit, which has an integrated genomic DNA removal step. Primers specific for the known sequence of equine CYP17, HSD3B1, and CYP19 were designed using Roche's Universal Probe primer design website (Roche Diagnostics, Indianapolis, IN, USA). CYP17 and HSD3B1 sequences were obtained from GenBank and CYP19 was obtained from the University of California Santa Cruz's (UCSC) horse genome (Table 2) . Equine b2-microglobulin sequence was obtained from UCSC horse genome and was used as reference gene (Livak & Schmittgen 2001 ). Primers were used at 100 mM concentration and probes (8 bp with a fluorescent (6-carboxy-fluorescein) label were used at 10 mM. Qiagen's QuantiTect Probe PCR kit contained a HotStarTaq DNA polymerase, ROX passive reference dye, and a dNTP mix in an optimized buffer. The cycling conditions for qPCR were initially 15 min at 95 8C incubation, followed by 95 8C for 15 s, and 60 8C for 60 s, repeated 40 times. Amplification was measured using an ABI 7900 (Applied Biosystems, Foster City, CA, USA).
Statistical analyses
For RT-qPCR analyses, the difference between threshold cycles (DC t ) was calculated by subtracting the C t value of the target gene from that of the reference gene and subjected to ANOVA to generate DDC t values (Yuan et al. 2006 ; JMP ver 8; SAS, Cary, NC, USA). 
